On-focal-plane signal processing circuits for enhancement of JR imager performance are presented. To enable the detection of high background IR images, an in-pixel current-mode background suppression scheme is presented. The background suppression circuit consists of a current memoiy placed in the feedback loop of a CTIA and is designed for a thousand-fold suppression of the background flux, thereby easing circuit design constraints, and assuring BLIP operation even with detectors having large response non-uniformities. For improving the performance of low-background [R imagers, an on-chip column-parallel analog-to-digital converter (ADC) is presented. The design of a 10-bit ADC with 50 pm pitch and based on sigma-delta (E-i) modulation is presented. A novel JR imager readout technique featuring photoelectron counting in the unit cell is presented for ultra-low background applications. The output of the unit cell is a digital word corresponding to the incident flux density and the readout is noise free. The design of low-power (< 5 xW), sub-electron input-referred noise, high-gain (> 100,000), small real-estate (60 p.m pitch) self-biased CMOS amplifiers required for photon counting are presented.
INTRODUCTION
The operating conditions of JR image sensors vary significantly depending upon applications. While a large background flux is a characteristic feature of terrestrial JR imaging in the 8-14 pm band (LWIR band), IR imagers in astronomical applications operate with an ultra-low background. The presence of a large background flux imposes a prohibitively large dynamic range requirement on the unit cell electronics, and is one of the chief reasons for the scarcity of accurate readout structures for LWIR high background applications [1] . Further, due to the relative immaturity of JR detectors compared to silicon detectors for visible light imaging, the response non-unifonnity of an IR detector is inferior compared to its visible wavelength counterpart. Large response non-uniformity (±10%) translates to large spatial noise [2] , preventing the background shot noise limited performance (BLIP).
The critical issue in high resolution focal-plane readout design for ultra-low background applications is the system noise. There are several sources of noise in a conventional IR focal-plane array (FPA). Apart from the electronic noise in the readout unit cell, clock pick-up constitutes a major source of noise in the switched CMOS analog multiplexer. The clock pick-up and cross-talk noise can be as high as 400 electrons r.m.s. even for a relatively small array of size 58X62 [3] . Further, electromagnetic interference (EM!) is another important concern in the transmission of analog signals off the focal-plane of high-performance FPAs. While the use of shielded cables and careful auention to details can ameliorate most of the EMI-related effects, it adds an extra heat load to the system, introduces concern for reliability, and tends to be expensive. An additional concern is the power dissipated in driving high resolution analog signals off the focal-plane. The increased power dissipation is a result of the large shielded-cable capacitance, and the large bandwidth requirement associated with the high settling accuracy required in scientific imaging. Thus, conversion of the signal from analog to digital domain can not only provide inununity to signal degradation due to EMI and cross-talk, it also simplifies system interface leading to easy, high reliability, low-power system design, and can help reduce sensor mass, all of which are requirements for several NASA low cost explorer missions [4] .
In this paper, low-power focal-plane circuits for enhancing the performance of IR imagers are described. The paper is divided into three main sections, where three different IR focal-plane signal processing circuits are presented. Section 2 deals with an in-pixel background suppression scheme. The critical component of this scheme is a highly accurate current memory operating at ultra-low current levels (1-100 nA). The design and performance of current memory circuits capable Iu2(1K)2+(1l scheme.
An in-pixel current-mode background suppression circuit is shown in figure 1. The circuit is based on the commonly used charge transfer impedance amplifier (CTIA) unit cell design. The background suppression is achieved by the addition of a current memoiy consisting of a transistor (M), a memorizing capacitor (Cm) and the reset switch (Mrst) . The circuit operates in two modes, the reset mode and the readout mode. The reset phase of the CTJA (i.e. the switch Mt closed) is also used as a calibration cycle during which the array is made to stare at an equivalent background scene. The transistor M1 is biased with its gate-and-drain short-circuited and the background current flowing from the detector is coupled to it. The gate-to-source voltage of the transistor charges to the level required to maintain the current flow and is stored on the capacitor Cm. During the readout phase, the ofultra-low current operation are reported in this section. In section 3, the design ofa first order ADC featuring lowpower, 10-bit resolution, and a 50 pm pitch is presented. Section 4 concerns the description of an advanced focal-plane readout technique, featuring photoelectron counting in each pixel. This readout technique is equivalent to incorporation of an ADC in each unit cell, and represents a next-generation sensor for ultra-light-level focal-plane signal detection. The design and perfonnance of low-power, high-gain, sub-electron input-referred noise, self-biased amplifiers are also reported in this section.
CURRENT MEMORY-BASED BACKGROUND SUPPRESSION CIRCUIT

Advantages of background suppression
One of the attractive features of terrestrial IR imaging in the LWIR band is the availability of an increased background flux at typical scene temperatures (300K -400K). The increased background flux eases the electronic noise requirements on the focal-plane readout due to an increased background shot noise. However, a conventional reset-integrator type readout [5,6J integrates the entire background flux in the unit cell, thereby imposing prohibitively large dynamic range requirements on the readout pixel (required storage capacity i0 carriers per pixel). The effective dynamic range requirement can be reduced a factor of N if an N-fold suppression of the background flux is achieved on the focal-plane. This would enable construction of accurate JR focal-plane readouts operating under high background conditions.
The on-focal-plane background suppression also increases the sensitivity of the readout. The sensitivity of a focal-plane readout is determined by the system noise, and is measured by the noise equivalent scene temperature differential (NELVI') [71. Includingthe effect ofspatial noise generated by inter-pixel response non-uniformity, NEET is given by [8J:
(1) where U is the average non-uniformity in the detector array, K is the background suppression fraction (K=0 indicates no suppression), and Nb is the number ofbackground charges (for a given background flux) integrated on the focal-plane unit cell. The equation 1 indicates that in detector arrays with a large amount of detector response non-uniformity (such as HgCdTe photodetectors), the NELT is limited by the spatial noise and not by the background shot noise. However, the spatial noise can be made insignificantly small by incorporating an efficient on-focal-plane background suppression scheme (K 1), thereby allowing the readout system to operate at BLIP.
A background suppression circuit
switch Mrst S OCfl, and the voltage stored on the capacitor Cm drives a current through M, equal to the background current sampled during the calibration cycle. Thus, the share of the detector current that is due to the background flux is bypassed through the transistor M, thereby completing the in-pixel background subtraction.
Current memory design and performance
The critical component of the current-mode background suppression circuit is the current memozy. The main sources of error in the current memoiy L91 is due to the charge feedthrougii that takes place following the opening of the switch M,, and the finite output resistance of the memorizing transistor
The effect of the finite output resistance is to introduce a discrepancy between the channel current flowing in the calibration mode and the readout mode, due to the presence of different drain voltages on the two occasions. The error caused by the output resistance can be made negligible by using cascode circuits [9] . The charge feedthrough-related error is proportional to g/I, where g is the transconductance of the memorizing transistor and I is the background current. Typical values of the background current to be memorized are between 1 nA and 100 nA. For such low values of current, Mmem orates in weak-inversion, thereby maximizing charge feedthrough-related error, since gfI is maximized in weak inversion. Further, accurate switch feedthrough reduction circuits are designed for operation at relatively large memorizing currents, require high power dissipation and real-estate [10,1 1], and are therefore unsuited for focal-plane use.
A novel switch feedthrough reducing, output resistance enhancing current memoiy circuit, capable of operation at ultralow current levels (1-500 nA) and compatible with focal-plane design requirements, has been designed, fabricated and tested. The circuit is shown in figure 2 . The output resistance ofthe current memory is increased by using a seif-cascoding VET (Mmem) [8] . The seif-cascoding FET (SCFET) consists of two common-gate transistors connected in series. The transistor with the shorter channel length is the cascode transistor. When the SCFET is biased in weak-or moderateinversion, the cascode transistor remains in saturation and acts as a screen gate in a manner similar to the operation of the cascode transistor in a conventional cascode circuit. However, unlike a conventional cascode circuit, the SCFET does not require additional bias supply lines or extra real-estate, and is perfectly suited for low-power operation.
The switch feedthrough reduction scheme operates by feeding the error current back to the controlling node. Following the memorizing cycle, 4m is turned off, causing a switch feedthrough on the charge storage node. The switch feedthrough is in a direction as to increase the current flowing through Mmem. This is followed by the feedthrough suppression cycle in which M€ is turned off, and Mac t 5 turned on. The error current (I) flows through M1, and is mirrored into The mirror ratio is such that only a fraction a of I flows through M0t, which is directly coupled to the storage capacitor (Cstore). AS a result of this feedback I is reduced, with a concomitant reduction in the current through MUt. In principle,.
the current goes to zero when the error current vanishes, (i.e. 'mem 1) In practice, a tail current flows through Mt due to threshold mismatch and weak-inversion current. To circumvent the error caused by this current, Mt 15 shut off once the error has been reduced within a given accuracy limit. By writing the differential equation describing the negative feedback process, it can be shown that the error current as a function of time follows an exponential decay given by: 
store Cstore where gmm S the transconductance of the memorizing VET. There is a trade-off between the speed of feedthrough reduction and the residual accuracy, since this circuit is devoid of mechanisms to correct for overshoots. The feedback circuit was designed with a=O.5 in order to strike a compromise.
Current memory test results
The current memory cells were laid out using a CAD layout tool MAGIC and fabricated using the ORBIT 2 tm CMOS technology through the MOSIS fabrication service. A 16X1 array was fabricated with a cell size of 47X43 pm2. A test circuit was included in the chip for inputting current into the memoiy cells and for measuring the output current using a reset integrator. The output of the reset integrator was monitored on an oscilloscope. The I-V characteristic of the SCFET was measured using a HP 4145 data analyzer. The results are summarized below. transistors. Although the increment in output resistance is smaller than that using a conventional cascode circuit, it is estimated to be enough to reduce the error in the current memory due to finite output resistance below the resolution of the test set-up (which is 0.1%).
The error characteristics of the current memory circuits were measured by memorizing a current and subsequently performing a readout through the reset integrator. It was found that the relative error between two different current memory cells was always too small to be measured by our test setup. The performance of the feedthrough suppression circuit was studied for different lengths of feedthrough suppression cycles, and for different values of memorizing currents. The result, plotted in figure 4 , is for two current levels (1= 10 nA, and 1=100 nA). The absolute residual error was found to be less than 0. 1% (i.e. below the test set-up resolution) for feedback times greater than 45 p.sec. with the memorizing current varying from 10 nA to 100 nA. The error decay is nearly exponential as predicted by the equation 2.2. The deviation from the exponential decay as well as the value of the time constant predicted by the equation 2 is explained by the presence of a large displacement current caused by a large output capacitance of the test structure.
The storage times of the memory cells were measured to be The rationale for using an on-focal-plane ADC is to enhance sensor performance by reducing noise introduced in transmitting analog signals offfocal-plane. To eliminate EMI-related signal degradation, for simplified and more reliable system interfacing, and to partially suppress cross-talk noise, a column-parallel ADC implementation is explored.
The choice of a focal-plane ADC architecture is governed by the requirements of low-power, small real-estate and device parameter insensitivity. A -E modulation based ADC was chosen since it has been proven to be well-suited for VLSI implementations where high conversion rate is not a requirement [12] . Due to the averaging nature of -i ADCs, it is more tolerant to threshold variations and inadvertent comparator triggering than slope-based ADCs. Unlike successive approximation methods, it does not require critical component matching, and compared shown in figure 5 was used in the design in order to reduce the conversion rate of each ADC (compared to the case where the entire array is serviced by a single ADC). Another aUractive feature of ADC is that the conversion rate can be further decreased by cascading two or more first order E-ADCs [131. Such implementations are compatible with column-parallel ADC architecture. integration and feedback force the average value of the DAC to track the average value of the signal. As a result of the averaging nature of the ADC, all wideband system noise is suppressed.
E-A modulator circuit
The E-modulator was implemented with a switched capacitor integrator and comparator as shown in figure 7 . The integrator has two branches, one to add signal and the other to subtract the full scale. The capacitors (Cjg, Cmt, Cref) are implemented with two-poly levels, and are of size 1 pF. The choice of capacitor size involves a trade-off between power dissipation and tolerable kTC noise. The op amp is implemented with SCFETs described in the previous section and will be presented in greater detail in the next section. Since the ADC operates in column-parallel mode, it needs to be laid out with a 50 tm pitch as shown in figure 5 . The detailed design considerations of the first-order -A ADC is presented elsewhere [14].
Photoelectron counting readout 4. IN-PIXEL SIGNAL DIGITIZATION
One of the major sources of noise in the most advanced IR multiplexers is the random noise introduced from clocking signals. This noise can be suppressed using multiple correlated non-destructive read techniques (MCS) [15] , albeit at the cost of increased system size, focal-plane power dissipation and the reduced readout rate. Further, MCS does not reduce the MOSFET 1/f noise that is critical for low-light-level signal detection involving long integration times. Thus, even in the most advanced JR readout-multiplexers, the noise floor is 10 electrons r.m.s. The unit cell comprising of the sense amplifier and the comparator can be laid out in a 60X60 im2 area using 2 pm CMOS design rules. Although this is large compared to state-of-the-art JR readout unit cell dimensions, the photon counting readout unit cell size can be readily reduced to a mere 25X25 .tm2 by using 0.8 pm design rules. One of the main reasons behind the feasibility of this readout approach is the fact that the minimum feature size of state-of-the-art The multiplexer noise can be eliminated by incorporating an ADC in each pixel, but is unattainable using conventional ADC techniques because of power and real-estate limitations. A novel approach of in-pixel digitization of signal is to count photoelectrons within the unit cell, so that the readout is noise free. Further, using this approach, the 1/f noise is kept at minimum by minimizing the effective integration time (the integration time in photon counting readout being equal arrival times of photons). The schematic of the photoelectron counting unit cell is shown in figure 8 .
The photon detecting readout unit cell consists of a sense amplifier, a switched-capacitor comparator. The sense ampiffier must have self-biasing capability in order to eliminate the kTC noise associated with resetting the detector. Further, it must have high enough gain (> 5000) so that the amplified voltage step due to a single electron may be larger than the offset in the comparator. Further, the sense amplifier must have sub-electron input-referred noise and must operate with extremely low power dissipation (< 5 j.tW). The switched-capacitor comparator operates in a manner similar to a CDS circuit. During the time interval the comparator is reset (4c closed), it memorizes the d.c. output level of the sense amplifier, and subsequently uses it as the discrimination level, thereby eliminating reset noise and further suppressing 1/f noise. Finally, to generate a digital word proportional to the incident photon flux, the single-bit output of the unit cell is used to update the contents of a separate counter array, located below the photoelectron detecting unit cells.
Self-Biased Sense Amp. Switched Cap.Comparator CMOS technology continues to shrink at an exponential rate, while the size of the imager pixel, determined by optics, is expected to remain relatively constant in size.
Design of sense amplifiers
Both single-ended and differential sense amplifiers have been explored. The common features of these amplifiers are summarized in the foregoing section. The single-ended amplifier consists of a self-biased cascode stage implemented with transistors M1, M, ML (figure 9). In this circuit both the cascode and the load bias are generated by shorting the gate and the drain of M and ML, and storing it on the capacitor C. The gain of each stage is -S--60, so that a two-stage cascade of single-ended amplifiers is required for implementing the sense amplifier. In order to detect ultra-low flux levels (photon flux < 1000 per-pixel per-sec.), the sense amplifiers are required to operate with response times of > 0. 1 msec. [8] . For an amplifier to operate with such long response times and a small load capacitor, its output resistance needs to be increased. This is accomplished by using a double-cascode circuit implemented with SCFETs as shown in figure 10 . A differential topology is used for increasing power supply rejection ratio, for independently controffing the amplifier bandwidth, and for implementation of a novel switch feedthrough reduction scheme. In the circuit shown in figure 10, M11and M2 constitute the SCFET input transistors, MLland M consthute the SCFET load transistors, and Mb is the biasing transistor. In a high gain amplifier, the switch feedthrough caused by the shutting off of 4 can saturate the amplifier. The amplifier circuit shown in figure 10 is equipped with a novel switch feedthrough reduction scheme. Since the amplifier has a large common mode rejection ratio, the switch feedthrough is suppressed by allowing it occur in common mode.
Vss
The self-biasing operation is also equivalent to sampling and subtracting the MOSFET channel noise, thereby suppressing any correlated noise such as the 1/f noise. The noise analysis of a self-biased amplifier has been carried out and a closedform expression of input-referred noise has been derived [8J. Using the results presented in reference 8, the expression for the input-referred noise can be written as:
(n = kT(g1 +g) 7tf This design equation allows the choice of an optimum channel length and width for maximizing the signal-to-noise ratio. Using this equation the input-referred noise of the amplifier has been calculated. Figure 1 1 shows the different components of noise as a function of the response time. The input capacitance is assumed to be of size 20 fF (which is a typical value). From figure 1 1 it can be concluded that sub-electron inputreferred noise can be obtained over a large range of response times, and correspondingly for a large range of incident flux densities. Further, it can be seen that the 1/f noise is reduced to an insignificant amount by the self-biasing operation.
A 16X2 array consisting of single-ended and high-gain differential amplifiers were fabricated using ORBIT 2 p.m CMOS process offered through MOSIS. The frequency response and the noise spectrum of these amplifiers were measured at room temperature. The circuits performed as expected. The single-ended amplifier exhibited an input d.c bias range between 1 .05to 1 .65 V, with a gain of 56 and gain variation of <10%. The transfer characteristic of the self-biased differential amplifier is shown in figure 12 . The low frequency gain is extremely high for a single-stage operating at room temperature being close to 500 at 1 A of bias current, and can be further decreased by lowering the bias current. Thus, through the incorporation of the SCFET, the gain has been increased by approximately a factor of 10, further corroborating results obtained in figure 3 is characterized by a single pole response and the measured phase margin is 55°, indicating that the differential amplifier is unconditionally stable. Figure 13 shows the measured output noise power spectral density of the single-ended, two-stage, self-biased amplifier operating with a 166.3 Hz sample rate. It can be seen that the power spectral density is flat at low frequencies, indicating the 1/f noise suppression capability of the circuit. For the measured two-stage amplifier gain is 2538.3 1, and the calculated storage capacitor size of 260 IF, the noise power calculated from the measured power spectral density (shown in figure 13 ), is almost entirely accounted for by the reset noise on the storage capacitor. The reset noise can be easily eliminated by using CDS-like circuits (such as the switched-capacitor comparator), leading to extremely low-noise amplifier performance.
CONCLUSIONS
In conclusion, low-power low-noise circuits for enhancing JR focal-plane imager performance are presented. A currentmode background suppressing readout scheme using current memoiy and CTIA is described. New current memory circuits were designed and tested for operation at ultra-low currents. The current memory circuits operate with <0.1% error over a current range of 10-200 nA, thereby allowing the in-pixel background suppression circuits to operate with a thousand-fold background suppression capability. On-focal-plane digitization schemes are presented for reduction of system noise required in ultra-low-IR-signal detection. The first approach features implementation of a first order E-ADC operating in column-parallel mode that is currently being tested. A more novel approach involves counting photoelectrons within each readout pixel. The low-noise, high-gain, low-power, self-biased operation of unit cell sense amplifiers has been demonstrated. For further improvement of signal-to-noise ratio, low temperature operation and the use of input-transconductance enhancing circuits are currently under investigation. For reducing real estate requirements, an ultra high gain amplifier implemented with controlled positive feedback is being explored. 
